Regression analysis is used to identify monotonic trends to assign water age using ion data from two large well water databases from southeast Minnesota (SE MN). Nitrate (NO 3 -N), chloride (Cl), sodium (Na), and sulfate (SO 4 ) ions in the commonly used aquifers in SE MN can be used as groundwater tracers since they are either entirely or partly anthropogenic in their sources, their loading occurs on a regional scale, and they are almost entirely conserved.
Introduction
Public agencies have collected large amounts of environmental data in recent times as part of numerous programs some have limited purposes and time frames, others are broader and open ended. Data analysis for groundwater quality has often been limited to defining what is in the drinking water today.
This work relates trends in water ion concentrations over time to decadal changes in ion loading sources to estimate the "age of water" now extracted from wells. It varies from traditional groundwater age dating in that it relies on changing patterns in the regional or national scale related to continuous loadings. This contrasts with introduced chemical or isotopic markers, which generally have specific release events or time periods. In addition, this method relies on commonly monitored analytes from already available sources.
Data from two databases is used to look at statistical trends in groundwater quality from residential wells over time. First is the Southeast Minnesota Water Analysis Lab (SEMWAL) database that provides data from Olmsted County from 1970 (SEMWAL, 2015 . Much of the data in the SEMWAL database results from required testing during property transactions. Over 50,000 samples have been processed by the lab, 19,337 of which are for private wells in Olmsted County including 7,048 distinct addresses. An attempt is made to assign addresses to specific wells. Where five or more years of data is available, trend analysis is done for that address --590 for NO 3 , 446 for Cl, and 430 for SO 4 . The monitoring period record varies significantly by well.
The second database used for this analysis is the Dakota County Ambient Groundwater Quality Study (AGQS), which has sampled from 24-80 wells annually since 1999 (AGQS, 2015) . Wells were chosen to reflect both geographic and aquifer differences in the county. The goal was to determine baseline water chemistry, characterize the occurrence of anthropogenic compounds, conduct trend analyses, and identify land use factors influencing the three most heavily used drinking water aquifers in the County. The database includes seventy six (76) wells that have been sampled up to 13 times each since 1999.
ter are generally at or below detection limits of common analytical methods: NO 3 -N <0.2 mg/l and Cl <0.5 mg/l. Of the more than 7,000 wells in Olmsted County tested since 1970, 62% have no detectable NO 3 -N and 33% have no detectable Cl. Dakota County data has a slightly lower percentage of non-detects for NO 3 -N (46%) and Cl (22%) (SEMWAL, 2015 , AGQS County, 2015 .
Nitrate is largely attributed to agriculture, directly in the form of applied inorganic nitrogen fertilizers or indirectly in the form of animal manures (MDA, 2013 , MPCA, 2013 , USDA, 2014 . Agricultural crops are exported from the local area, while manure is "recycled". Nitrogen from fertilizer and from manure not taken up and then removed with harvested crops, stored in organic matter, or not denitrified moves into and through soils with infiltrating water and is eventually converted to nitrate in soils or groundwater.
Once NO 3 -N and Cl pass below the vadose zone of soils, the ions remain largely unchanged. In the case of NO 3 -N, it is possible that some conversion to gaseous nitrogen occurs by the process of denitrification. This process is mostly limited to the soil zone, and an organic carbon or other reducing substance such as ferrous iron is needed for denitrification (Green, 2010) . NO 3 -N and Cl are generally conserved in SE MN groundwater aquifers used for residential water supply.
The chloride component of potassium-based fertilizers (KCl), like nitrate, moves with infiltrating water. The potassium is either removed with crops or tightly held in the clay minerals of soils. The chloride from fertilizer and the nitrogen not removed by crops infiltrate to groundwater in similar loading rates (AGQS, 2013).
Chloride also originates from salt applied to roads in winter for deicing, brine applied for dust control in summer, as a byproduct of water softening, and infiltration from septic systems (MNDOT, 2014) . The non-agricultural sources for chloride are mostly in the form of common salt (sodium chloride), which also contributes anthropogenic sodium (Na) to groundwater. Anthropogenic Cl loading is large relative to the amount retained in biological systems. Additionally, chloride forms no common insoluble salts and therefore moves freely through soil and groundwater systems.
Fertilizer use in Minnesota increased substantially from 1940 to 1955 and then about doubled in the following five years (Dahl, 1970 (MNDOT, 2014 , UMN, 2008 , and the Marker-Year based on national statistics for total salt use is 1955 (Kelly, 2013) . Figure 1 illustrates the ion source use changes and Table 1 summarizes the Marker-Years used in calculating water age for those sources.
Sodium
Sodium from road salt and softener salt is partially retained by clay minerals through ion-exchange reactions and is not delivered to groundwater as completely as are chloride and nitrate. Sodium has a natural background in groundwater from geologic weathering processes. Sodium in the absence of chloride in well water is one basis for defining the natural background. Sodium is highly correlated with chloride, and regression of Cl and Na yields a background of about 4 mg/l when Cl is not detected. The correlation also indicates that sodium has a lower molar concentration than chloride due to its retention by soils and due to a portion of the Cl originating from potash fertilizer (KCl). Sodium to chloride (Na:Cl) ratios reflect the proportion of Cl from agriculture versus road salt or softener salt (AGQS, 2015) .
Sulfate
Background or natural concentrations of sulfate may be derived from gypsum in limestone and sandstone and from the weathering of iron pyrite (FeS 2 ) in shales (Robertson, 1989) . Sulfate is also contributed by atmospheric deposition from the combustion of fossil fuels. By the mid 1970s, the implementation of the Clean Air Act reversed the rapid increase in Sulfur Dioxide (SO 2 ) emissions that had begun in the late 1950s. The downward trend in SO 2 emissions continues (Smith 2004 , Smith, 2011 . The National Atmospheric Deposition Program (NADP) monitoring data confirm the decline in deposition in the Midwest. A regression analysis of national SO 2 emissions data identifies a peak in 1970.
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Sulfate moves relatively freely with infiltrating water in the SE MN groundwater environment. Common salts of SO 4 are generally soluble in the range of concentrations found in SE MN, and redox conditions for converting SO 4 to sulfur or hydrogen sulfide exist only in very deep groundwater not ordinarily used for domestic purposes (USGS, 2009). Sulfate, like NO 3 -N is involved in biological processes and can be temporarily retained in soils or biological materials. The many SO 4 trends found during this study illustrates the ion's mobility.
Method
Statistical analysis using Kendal-Thiel (KT) nonparametric regression is employed to identify monotonic trends -not necessarily linear (Helsel, 2002 , Helsel, 2012 . At least 5 samples in separate years are needed to detect trends at the minimum 90% statistical significance level accepted for this work. Of the approximately 7,000 wells in the Olmsted dataset approximately 10% meet the criterion for NO 3 -N while only 8% meet that criterion for Cl and SO 4 . This reflects the longer period of record for NO 3 -N (1970-2014) than Cl and SO 4 (1988-2014 ).
The choice of significance level could, in principle, affect whether a well is identified as trending or not. For the wells in the two datasets analyzed, all but a few, which show 90% significance also show 95% or greater significance. Where the trend pattern is significant but For the upward trend pattern wells, the KT regression yields an "Intercept-Year". The Intercept-Year is a time when the water now extracted from the well first infiltrated from the land surface. The Intercept-Year is a reference marker for each ion, which represents the lag time or age of the water relative to the Marker-Year for the specific ion source. This provides a specific numerical estimate of the water age.
The calculated Intercept-Year is valid only for the "c" portion of the logistic curve which is assumed to have a minimum slope of 3%. This rate reflects the large loading increases beginning in the 1950s. Lesser relative slopes are assumed to be in the "b" and "d" portions of the logistic curve and can't be used to calculate an appropriate Intercept-Year.
The other five trend categories do provide a range of upper and/or lower limits to the age of the water in the well but no Intercept-Year can be calculated from those trends. Figure 1 is an example of a long-term ion (NO 3 -N) pattern in a well, which is represented mathematically as a logistic (sinusoidal) curve. We expect that any well experiencing a change in an ion loading from surface sources would have an upward trend curve similar to that shown in Figure 2 or its mirror image if a downward trend.
Trend Patterns for Groundwater Ion Concentrations
The logistic curve contains five distinct trend patterns (a-e in Figure 2 ). In the earliest period "a", the ion is stable at background concentrations, followed by periods of rapid increase "c" and then a relative stable period at higher concentrations "e". The transition at "b" represents an exponential increase which is modeled as a quadratic curve. The transition at "d" is also modeled as a quadratic curve and represents a peak or leveling off. The other pattern identified in this work is a decreasing pattern, which is a mirror image of that in Figure 2 .
The five trend patterns in the logistic curve can be grouped in two categories: unchanging (background, and stable above background), and changing (exponential up, linear up, and peaking). The sixth trend pattern represented by the exponential downward pattern is also in the changing category ( Figure 6 ).
All of the patterns and transitions represented by Figure  2 and its mirror image are seen in the well monitoring records. The statistical analysis is the basis for classifying well by trend pattern. In most cases the monitoring period contains only a portion of the logistic curve. Few wells in the dataset show the complete logistic curve primarily because of the short period of monitoring record and infrequency of monitoring. Well 11323 illustrates that a long record is necessary to be able to see all or most of the logistic curve. In addition, the period of record would also have to reflect the lag time (water age) for the well.
The Intercept-Year from the linear portion of the logistic curve is not the exact asymptotic intercept year. As can be seen in the example in Figure 1 , the linear intercept year can vary slightly from the asymptotic year. In the logistic model, the initial increase is exponential and not linear as is assumed with the linear trend regression. In well 695881, the trend would be statistically modeled as a quadratic or exponential. This downward trend correlates with a reduction in NO 3 -N loading consistent with the area's conversion from agriculture to mixed residential in the early 1990s. Table 2 summarizes the six trend categories for the subset of the Olmsted County data that meet the 5-year criterion. More non-detects are seen with NO 3 -N (>50%) We calculate that more than 1,400 wells with 6 or more years of ion data are needed to be able to find one statistical logistic curve. It is thus fortunate that a couple of such curves were found in the Olmsted County dataset. Portions of logistic curves are easier to identify and several of these were also found.
Ion Trends for Olmsted County Wells
The year categories in Table 3 are based on the ion source trend patterns presented in Figure 5 . These categories reflect the differing trend patterns during these general periods. This allows the placement of wells into age brackets by trends for each ion. This provides a test for the calculated Intercept-Year and the consistency of age ranges for the other five trend patterns. Nitrate (mg/l)
Year
Analysis of the assigned trend pattern for each well is shown in Table 3 . Only wells with data for all three ions are represented. 164 of the wells (38%) during their monitoring period are associated with water sources preceding 1960. 211 of the wells (49%) are calculated to have water younger than 1970 based on their monitoring period.
For the 85 wells with upward trends for either NO 3 -N and/or Cl, Intercept-Years were calculated. 75 of those wells (88%) had their Intercept-Years in the predicted category in Table 3 . When there is more scatter in the data or the projected Intercept-Year is further from the monitoring period, there is greater uncertainty in the Intercept-Year.
The age classification in Table 4 is based on the best fit of all three ions. There is some overlap in the age periods for the 430 wells due to multiple combinations of age trend patterns in Table 3 .
Ion trends for Dakota County Wells
The Dakota Couonty well database consists of 76 wells monitored annually from 1999 to 2013. The monitoring period for individual wells in this database differs from that of the SEMWAL database. The SEMWAL database represents a larger number of wells and often with a longer monitoring record. 
Discussion
This method has just two variables, ion source and the time lag between the source and ion level in extracted water over time. Unlike hydrologic models, it is not dependent on the hydrogeologic setting variables such as gradient, porosity, permeability, or any other flow variables. Knowledge of the ion source pattern at a regional scale allows an estimate of the time lag.
This method can be applied to a single or a large set of wells. The degree of consistency in predicted ages or age ranges based upon NO 3 -N, Cl, Na, and SO 4 , suggest that any one of these anions could be used alone to predict water ages. However, using a combination of anions increases confidence in the results. Public wells with longer records and more frequent testing for a greater number of analytes would be particularly suitable. The SO 2 loading peak in the mid-1970s provides a second marker for calculating a specific age (Figure 2 ). In addition, the apparent correlation between SO 2 emissions and SO 4 in Figure 2 , and the availability of a much longer SO 2 emissions record (1850-2014), suggests that SO 4 will be useful in differentiating the age of wells with non-detectable NO 3 -N and Cl. Significant decreases in SO 2 loadings during historic recessions might be particularly useful age markers.
The SEMWAL database contains an additional 34,000 NO 3 -N, Cl, and SO 4 records for wells in counties adjoining Olmsted. That data could be used to complete similar studies. Because these counties have historically applied a less rigorous NO 3 -N standard for well development, they likely would have more wells with trends useful for calculating the Intercept-Year.
Using the well from Figures 1 -4 as a case study illustrates the potential value of this analysis for individual wells. Well 11323 serves a bar and grill that is licensed by the Olmsted County Health Department. Based on the estimated 40-year age of the water, it is not likely that the well will present a health hazard based on bacteria or viruses since those organisms would no longer be viable. The decline in the rate of increase in NO 3 -N and Cl concentrations in the well in recent years corresponds with the smaller rate increases in fertilizer and road salt use. The Cl: NO 3 -N ratio is about 4:1 suggesting that over half of the Cl is from road salt or softener salt. The current NO 3 level is about 50% of the drinking water standard (10 mg/l) and Cl about 10% of the secondary standard (250 mg/l). Given the 40-year historical relationship between loading rates and NO 3 -N and Cl concentrations in the well, the well is not likely to exceed either standard in the near future. Considering the water age, this would not be a useful monitoring well for best management practices being implemented today. If in the future monitoring is expanded beyond basic parameters they should include both agricultural as well as non-agricultural pollutants, particularly those used in earlier decades.
